ABSTRACT: In this study, diurnal changes in bacterial production and DNA damage in bacterioplankton (measured as cyclobutane pyrimidine dimers, CPDs) incubated in bags at different depths in tropical coastal waters were investigated. The DNA damage and inhibition of the bacterial production was highest at the surface and decreased with depth. Inhibition of both leucine (Leu) and thymidine (TdR) incorporation was detectable to a depth of 10 m, while DNA damage was measurable only until 5 m. In addition, the decrease of the inhibition of Leu and TdR incorporation with depth was less than the decrease in DNA damage. Variations in DNA damage in bacteria and in biodosimeters were mostly explained by UV radiation (UVR) dose received over time and depth. UVB radiation (UVBR) contributed more than UVA radiation (UVAR) to the damage. The attenuation coefficient of DNA damage with depth was comparable to the attenuation coefficients of UVBR suggesting that DNA damage was induced mainly by UVBR. For incubations at the surface, there was a trend of increasing DNA damage at a constant rate during the entire period of daylight, while the inhibition of leucine incorporation showed a trend of a less rapid increase in the afternoon than in the morning. This might have been due to photorepair, which would also explain the lack of correlation between the inhibition of leucine incorporation and UV dose. It was concluded that CPD damage in DNA is not necessarily the predominant factor in the inhibition of bacterial production. It cannot explain the large impact of sunlight on bacterioplankton productivity in tropical waters.
INTRODUCTION
Considerable research on the effects of UV radiation (UVR) has been done on the effect of elevated UVR in polar regions produced by ozone depletion, thereby resulting in elevated UVR. In tropical regions, UVR levels (280 to 400 nm) reaching the Earth's surface are several times higher than at higher latitudes (Madronich et al. 1995) . Although no trends in ozone changes have been observed at tropical latitudes, the UVR intensities exceed the intensities measured under minimum ozone concentrations at the poles (HolmHansen et al. 1993) . The UVR reaching the Earth's surface can be divided in 2 wavelength ranges: UVA radiation (UVAR, 315 to 400 nm) and UVB radiation (UVBR, 280 to 315 nm). UVBR is more biologically reactive, but is present at low intensity compared to UVAR and photosynthetically active radiation (PAR, 400 to 700 nm). The attenuation of UVR in the water column is a function of wavelength: short wavelength irradiance is more attenuated than longer wavelength irradiance (Kirk 1994 , Dunne & Brown 1996 .
Heterotrophic bacteria play a very important role in marine ecosystems because they are responsible for degradation and cycling of organic matter in the sea (Azam et al. 1983) . It has been suggested that heterotrophic bacteria are likely to be more susceptible to UV stress than larger organisms, due to their small size and short generation times (Häder et al. 1995) and the absence of UV absorbing pigments (Karentz et al. 1994) . Changes in the growth of bacteria upon exposure to UVR have been shown (Thomson et al. 1980 , Herndl et al. 1993 , Müller-Niklas et al. 1995 , Sommaruga et al. 1997 . UVR may have both direct and indirect effects on bacterioplankton.
Direct effects involve damage to cellular macromolecules by direct absorption of UVR. UVB radiation causes DNA damage in organisms. The most important consequence of the UVBR absorption by DNA is the formation of photoproducts. Pyrimidine (6-4) pyrimidone and cyclobutane pyrimidine dimers are the most important photoproducts formed (Karentz et al. 1994) . The formation of CPDs by UVR in bacterioplankton was shown by Jeffrey et al. (1996a,b) , Lyons et al. (1998) and Visser et al. (1999) , in the marine diatom Cyclotella sp. by Buma et al. (1997) and in phagotrophic protists by Somaruga & Buma (2000) . The formation of photoproducts disturbs the error-free DNA replication and RNA transcription in cells, which is one of the most important consequences of DNA damage (Karentz et al. 1994) . As shown previously, DNA damage (by CPDs) is only caused by UVBR (Buma et al. 1997 , Visser et al. 1999 . However, inhibition of leucine and thymidine incorporation is also caused by UVAR and PAR (Herndl et al. 1993 , Aas et al. 1996 , Visser et al. 1999 ). This suggests that DNA damage is certainly not the only cause of growth inhibition in samples incubated in sunlight, and that there are indirect effects as well.
Indirect effects of UVR can be related to altered bioavailability of dissolved organic matter (DOM) by UVR (Lindell et al. 1995 , Herndl 1997 , Obernosterer et al. 1999 or to the sensitivity of bacterioplankton grazers to UVR (Sommaruga et al. 1996) . Using bioassay experiments, Obernosterer et al. (1999) found that there was no net change in the availability of DOM in the Caribbean Sea off Curaçao after incubation in sunlight. They concluded that most of the DOM in the surface water off Curaçao was already photochemically degraded due to the high irradiation level. UVR can alter DOM in more labile but also more refractory DOM. Therefore, an alternative hypothesis coming from the study of Obernosterer et al. may be that UVRinduced alteration of DOM to both more refractory and more labile DOM was in equilibrium (Kieber et al. 1997 , Obernosterer et al. 1999 .
In this study, we investigated the direct effects of UVR on bacterioplankton in the surface waters off Curaçao. We do not consider additional indirect effects. We incubated bacterioplankton at different depths to determine the influence of solar radiation on leucine and thymidine incorporation and the formation of CPDs in bacterioplankton in relation with the changing quality and quantity of sunlight in natural waters. Biodosimeters were used to obtain the maximum CPD formation possible (Regan et al. 1992 , Boelen et al. 1999 . The aims of the study were: (1) to assess the maximum depth at which bacterial production is inhibited and DNA damage is inflicted by surface irradiance; (2) to determine whether changes in bacterial production and DNA damage in depth and time relate to UVR doses received; and (3) to analyze the relationship between bacterial production and CPD formation over diurnal cycles and with depth.
MATERIALS AND METHODS
Incubations. Field studies were conducted at the Carmabi Institute located at the south coast of Curaçao (12°07' N, 68°57' W) on 4 d (4 February, 13 March, 14 and 17 April 1998). The average water temperature at this time was 28.3 ± 0.5°C. Hardly any changes in attenuation in the water column occurred in this period. For data on seasonal changes in temperature, nutrients and bacterial production in the coastal waters off Curaçao see Gast et al. 1999 . Surface water was sampled at a location (water depth >100 m) 1 km south of the Carmabi Institute between 08:00 and 09:00 h using an acid-rinsed bucket. The sampled water was immediately transferred to polypropylene bags (5 l) which have high transmission for UV radiation (Visser et al. 1999) . These bags were exposed to solar radiation over a coral reef site (depth 15 m) attached at fixed depths of 0.1 (submerged), 2, 5 and 10 m, from ca. 09.30 h onwards until ca. 18:00 h, with bags held in the dark at ca. 1 m depth. To determine leucine and thymidine incorporation and the formation of CPDs over a diurnal cycle, samples were taken at about 12:00, 15:00 and 18:00 h. For each sample point in time, 5 bags were taken from the water (bags at 0, 2, 5, 10 m depth and also a darkened bag at each depth), while other bags remained at the fixed depths until the time of sampling. Subsamples from the bag were taken for bacterial production and the rest was used for filtration for analysis of DNA damage. Due to analytical errors, data on DNA damage in biodosimeters on February 4 and on DNA damage in bacterioplankton on April 17 were lost. Solar radiation measurements. Profiles of irradiance in the water column were measured at least twice a day. These profiles were performed with an underwater sensor (Biospherical Instruments Model PUV 500) recording 2π cosine corrected downwelling irradiance. UVR was measured in narrow bands centered at 305, 320, 340 and 380 nm as well as PAR. The accuracy of the 305 nm channel sensor is about 10% . The underwater measurements were normalized against the contemporaneous surface record to remove variations that were the results of factors such as changing sun altitude, changes in cloud cover etc. The surface irradiance was measured every 20 s at the surface during the incubations with a PUV 510 surface sensor. The attenuation coefficient was calculated for every measured wavelength according to LambertBeer's law:
where E d (z) is the value of downward irradiance at depth z meters, E d (0) is the value of the downward irradiance just below the surface and K d is the average value of the downward diffuse attenuation coefficient over the depth interval 0 and z meters. K d is computed by using the natural logarithm to transform the irradiance data and then deriving the equation of the line using linear regression i.e.:
This approach was also used to calculate the exponential slopes for the data on the inhibition of leucine and thymidine incorporation, DNA damage in bacterioplankton and dosimeters with depth.
The dose at different depths at different wavelengths was estimated by integrating the near continuous data recorded by the surface sensor (PUV 510) and then transforming these for each incubation depth using the derived K d coefficient.
For estimation of the biologically effective UVR (scalar 4π irradiance), biodosimeters were exposed during all experiments to the same irradiance as the incubation bags. Every time bags were sampled, 2 dosimeters were removed and stored in the freezer. Calf thymus DNA in quartz tubes was used for biodosimeters (Boelen et al. 1999) . After incubation, the biodosimeters were stored at -20°C until analysis (quantification of thymine dimers in the home laboratory).
Leucine and thymidine incorporation. Leucine and thymidine incorporation was determined as described by Simon & Azam (1989) . Leucine (final concentration 40 nM; 7.5 to 10% leucine L-3, 4, 5- ) was added to subsamples of 10 ml in triplicate and a formalin fixed control. The subsamples were incubated for leucine incorporation for 60 to 90 min and for thymidine 90 to 150 min in situ in the dark in a floating tray in the water close to the Carmabi pier. Linearity of the incorporation over these incubation times was tested in time series (not shown). Incubation times were kept as short as possible to avoid unintentional enhancement of leucine and thymidine incorporation rates due to confinement effects but long enough to allow accurate determination of bacterial production. The incubation was terminated by adding buffered formaldehyde (1% final concentration, pH 7.6). The subsamples were cold extracted on ice for 30 min, and following the addition of TCA to a final concentration of 5%, filtration was performed over 0.2 µm filters (Millipore mixed cellulose ester membrane filters) which were subsequently rinsed 4 times with 2 ml 5% TCA and twice with 2 ml 0.2 µm filtered seawater with formalin (2%). The incorporated 3 H-leucine and 3 Hthymidine were determined by liquid scintillation counting (LKB, Rack Beta scintillation counter).
Bacterial counts. Bacteria were enumerated according to the procedure described by Hobbie et al. (1977) . Subsamples of 5 ml were stained with acridine orange (final concentration 0.01%) and filtered over 0.2 µm filters (Millipore, black poly-carbonate). The filters were stored in immersion oil on a glass slide at -20°C. The number of bacteria was determined using an epifluorescence microscope (Zeiss axiophot). Typically, 100 to 400 bacteria per slide were counted distributed over 12 to 24 fields. There were no replicate counts.
DNA damage. The water samples were pressurefiltered through series of 10, 0.4 and 0.2 µm filters (polycarbonate filters Poretics). The 0.2 µm filters were used as the bacterioplankton fraction. Due to filtration over 0.4 µm filters not all bacteria were collected in this fraction, but filtration over a higher pore size (0.8 µm) resulted in a high amount of phototrophs in the bacterioplankton fraction. After 30 min, the filtration was stopped (about 1.5 to 2.0 l were filtered) and the filters were frozen in liquid nitrogen and stored at -20°C until analysis.
DNA isolation and quantification. DNA was extracted from the plankton collected on filters using the modified method of Doyle & Doyle (1991) . The filters were incubated at 60°C for 30 min with 750 µl preheated CTAB isolation buffer (2% w/v CTAB [Sigma], 1.4 M NaCl, 0.2% v/v 2-mercaptoethanol, 20 mM EDTA, 100mM Tris-HCl pH 8.0). Then 750 µl CIA (chloroform/isoamylalcohol 24:1) was added to extract the DNA from cell debris. The solution was shaken briefly and subsequently centrifuged in an Eppendorf centrifuge at 14 000 rpm for 10 min. The upper (water) phase was transferred to a clean vial and around 0.5 ml (2/3 of total volume) cold isopropanol was added to precipitate the DNA. This mixture was shaken gently, incubated at 4°C for 1 h and centrifuged subsequently at 4°C for 30 min at 14 000 rpm. The supernatant was carefully removed and 1 ml of 80% ice-cold ethanol was added to the precipitated nucleic acids. The vials were placed at -20°C for 15 min and centrifuged for 30 min at 14 000 rpm. The DNA was dried under vacuum and resuspended in 0.1 × TE buffer (1mM TrisHCl pH 8.0, 0.1 mM EDTA). To remove RNA, the DNA was incubated with 75 µg ml -1 RNase (Boehringer Mannheim) at room temperature for 1 h.
After labeling the DNA with the fluorescent probe Picogreen (Molecular Probes, dilution 1:400) the amount of DNA was determined on a Merlim plate reader (type Titertek Fluoroskan II, Diagnostic Systems, excitation 485 nm, emission 530 nm).
CPDs in the DNA extracted from the material either collected on the filters or obtained from the biodosimeters were quantified via an immuno-dot-blot method as described by Boelen et al. (1999) . The values of DNA damage (in CPDs on basis of total DNA in the sample) were corrected with the values from the dark incubations.
Statistics. All statistical analyses were done with SYSTAT 7.0 (1997). We applied analysis of variance (ANOVA). With ANOVA the difference of variables (DNA damage, bacterial production) between the light and dark incubations were tested against the independents (sampling date, sampling depth and incubation time). For bacterial production also the difference between light and dark was used, while in the graphs the inhibition was presented. Percentages are mostly used in studies on UV effects on bacterioplankton for presenting inhibition, but the percentages cannot be used in ANOVA tests. The values at the start of the incubation were not used in the ANOVA tests due to a lack of variance. With general linear models (GLM), it was determined whether the bacterial numbers changed during 8.5 h incubations in bags at 0, 2, 5 and 10 m depth and in the dark. The variation in the natural logarithm transformed ratio of the bacterial abundance at the end and at the start of the incubation were tested against date and water depth.
RESULTS
DNA damage and bacterial production varied significantly from day to day (Table 1 ) and with depth. Exposure time had a significant effect only on the DNA damage in biodosimeters.
In Fig. 1 , the diurnal changes of inhibition of leucine and thymidine incorporation and of the DNA damage in biodosimeters and in bacterioplankton (< 0.4 µm fraction) in the water samples incubated in bags at the surface are shown for 4 different sampling days. In the graphs, inhibition is expressed as percentage of the dark incubation. Absolute values of the incorporation were 12 to 125 pmol leucine l -1 h -1 and 0.2 to 1.0 pmol thymidine l -1 h -1 . The diurnal changes are different per sampling day. Differences in UV doses of the different days are presented in Table 2 . Although exposure time had no significant effect (Table 1) on changes in DNA damage in bacteria and bacterial production between 12:00 and 18:00 h, there are certain consistent patterns which evolved during the incubations (Fig. 1) . A different trend of diurnal changes was observed for inhibition of bacterial production and DNA damage, but this was not consistent during all days of sampling. A lower inhibition at the end of the day rather than at about 15:00 h was found for leucine incorporation in 3 of 4 d and for thymidine incorporation in 2 of 4 d. Diurnal changes in DNA damage in both bacterioplankton and biodosimeters showed a different pattern: on all days (i.e. 3, as 1 d was missing due to analytical errors) DNA damage was higher at the end of the day than in the morning or early afternoon. The damage in biodosimeters was 6 times (March 13) and 10 times (April 14) higher than in the bacterioplankton fraction.
Changes in bacterial production over the incubation period or changes in DNA damage in bacteria cannot be ascribed to changes in bacterial numbers (Table 3) . These numbers did not significantly change over the incubation period with respect to time and depth (ANOVA, n = 16, p > 0.05). Fig. 2 shows that leucine and thymidine incorporation and DNA damage in both bacterioplankton and biodosimeters decreased with depth on some days. While the formation of CPDs was detectable only to 5 m, a clear inhibition of thymidine and leucine incorporation was detectable even at 10 m depth.
Assuming that changes with depth were caused by light only, the curves of the different variables were fitted with an exponential function (as described in 'Methods'). The calculated exponential slopes (Table 4) of DNA damage in biodosimeters and in bacterioplankton were much higher than of leucine and thymidine incorporation. In Table 5 , the attenuation coefficients are presented for 4 UV wavelengths and PAR. The attenuation coefficient was 0.24 for 305 nm and less than 0.1 for 380 nm and PAR with significant differences between the K d of 305/320 nm and K d of 340/380 nm/PAR. The slopes of DNA damage in bacterioplankton were not signifi-29 Table 1 . ANOVA test of DNA damage (CPDs) in bacterioplankton (< 0.4 µm) and in biodosimeters and leucine (Leu) and thymidine (TdR) incorporation (dark value is subtracted). ns = not significant, ***p < 0.001, **p < 0.01, *p < 0. ) (see 'Materials and methods') of DNA damage in biodosimeters (bio) and bacterioplankton (bact) and inhibition of the incorporation rate of leucine and thymidine in sea water incubated with the standard error of the mean (SE) and r 2 . Slope is calculated over values at 4 depths (0, 2, 5 and 10 m). Average taken from slopes at different times (3) and on different sampling days (3 or 4), also see Fig. 2 The results of statistic tests performed on the inhibition of incorporation, DNA damage and UVB and UVA doses (see 'Materials and methods') are presented in Table 6 . Significant correlations were found between DNA damage in biodosimeters and bacterioplankton, and the doses of UVB and UVA. Inhibition of thymidine incorporation rate was significantly correlated with UVB and UVA dose, and also with DNA damage in biodosimeters. Inhibition of leucine incorporation was significantly correlated with DNA damage in biodosimeters and bacterioplankton, but not correlated with UV dose. DNA damage in bacterioplankton and inhibition of thymidine incorporation were not significantly correlated. 
DISCUSSION
Our experiments were done in coral reef waters with very low K d values, some of the deepest recorded UV penetration depths, and yet the induced DNA damage in bacterioplankton was still restricted to the top 5 m of the water column. The observed K d values (0.24 at 305 nm and 0.20 at 320 nm) were comparable to ocean sites in the Gulf of Mexico, Western Greenland, Red Sea and French Polynesia (Kirk 1994 , Dunne & Brown 1996 . DNA damage in bacterioplankton (< 0.4 µm) induced during the day was found down to only 5 m depth.
The inhibition of leucine and thymidine incorporation in the bags incubated at fixed depths decreased with depth. This was also found by Aas et al. (1996) , Lindell & Edling (1996) , Lyons et al. (1998) and Pakulski et al. (1998) . Inhibition can be assumed to be only a result of changes in quantity and quality of the photon flux since this was the only parameter that changed with depth of the incubated samples in our study.
In the profiles of leucine and thymidine incorporation, inhibition was found to reach greater depth than DNA damage in bacteria. In the study of Aas et al. (1996) , inhibition of thymidine incorporation was found to a greater depth (15 m) than DNA damage in biodosimeters (up to 10 m). The differences in the profiles of DNA damage and bacterial production were also reflected in the exponents of the equations fitted to the different depth profiles. The exponential slopes for DNA damage in the biodosimeters and in the bacterioplankton were higher than the exponential slopes of the inhibition of production (leucine and thymidine incorporation). Inhibition also caused by UVAR and PAR (with a lower attenuation coefficient than UVBR) might explain this pattern. This is consistent with the results of a former study (Visser et al. 1999) , in which DNA damage (CPDs) was found to be caused only by UVBR, while production rates were inhibited by UVBR, UVAR and PAR. In addition, others (Herndl et al. 1993 , Aas et al. 1996 , Sommaruga et al. 1997 have found that both UVAR and PAR contributed to the inhibition of thymidine and leucine incorporation in bacterioplankton.
The variability in the inhibition and DNA damage in the bacterioplankton between the different sampling days was rather high. ANOVA tests showed most of the variability was from day to day. The variation in doses can also explain some differences, but not all. A very high dose was found on April 17, which was consistent with the high observed inhibition and DNA damage. Also, the low dose on April 14 was consistent with the low inhibition of leucine incorporation and low DNA damage. But the dose on February 4 was not much higher than on April 14, while the inhibition of leucine incorporation was high. Other factors probably also played a role in the changes between the days. Possible causes are changes in bacterial population and the light exposure history of the population due to differences in water masses by mixing or currents (samples were taken from open ocean). Joux et al. (1999) showed wide variations in marine bacteria (in laboratory cultures) in their responses to UV irradiance and subsequent repair strategies. They also demonstrated photoadaptation in bacteria.
DNA damage in the bacterioplankton was 6 to 10 times lower than in the biodosimeters, which might be the effect of a combination of protection of DNA by cell compartments in whole cells compared to bare DNA, repair of DNA damage in living cells and eventual differences in sensitivity of the DNA (e.g. by a different nucleotide composition). From calculations by GarciaPichel (1994) , it appeared that small cells have very little protection from cell matter and sunscreen compounds. Our data show that protection by cell compo-31 Table 6 . Matrix of Spearman rank correlation coefficients (R s ) with significance between inhibition of leucine (Leu) and thymidine ( nents in combination with eventual instantaneous repair of DNA damage can result in much lower DNA damage in bacterioplankton than in bare DNA.
Comparison of diurnal changes in DNA damage and inhibition of bacterial production showed a trend that inhibition of leucine incorporation reached a maximum earlier in the afternoon than DNA damage. In some cases (3 of the 4 sampling days), recovery of leucine incorporation was found at the end of the afternoon. It might be that the cell damage causing inhibition could already be partially repaired in the late afternoon, while this repair was less effective for CPDs. It should be noted here that the determination of CPDs was instantaneous, while the incorporation of leucine and thymidine was determined after incubation in the dark. Another possibility might be that the bacterial production was stimulated by increased extracellular release by phytoplankton due to increased photosynthesis in the late afternoon (Obernosterer & Herndl 1995 , Visser et al. 1999 .
Although a trend of a reduced rate of inhibition in late afternoon was found for leucine incorporation, this trend was less obvious for thymidine incorporation. The ongoing induction of DNA damage during the day found in our experiments was not found in previous experiments (Visser et al. 1999 ) performed under conditions similar to those of this study. Here, the maximum DNA damage in bacterioplankton was reached in the early afternoon and remained constant until the end of the photoperiod. What can be seen from all experiments is that the variability between sampling days is high. However, the inhibition of leucine and thymidine incorporation is apparently not coupled to DNA damage. Even if DNA damage is still high, the incorporation rates can be partly recovered. Also no significant correlations were found between damage in bacterioplankton and inhibition of bacterial production (Table 6 ).
Significant correlations (Table 6) were found between DNA damage in biodosimeters and UV dose, which could be expected since DNA damage (in the form of CPDs) is the direct consequence of UV radiation. The correlation coefficients between DNA damage in bacterioplankton and UV dose were also significant. A significant correlation was found between inhibition of thymidine incorporation and UV dose, but not for inhibition of leucine incorporation and UV dose. Visser et al. (1999) found a significant correlation between the inhibition of leucine incorporation and UV dose, which was obtained for bacterioplankton incubated at the surface. This study shows that depth in the water column affects this relationship. Repair of damage deeper in the water column (due to a shift to light of longer wavelength which facilitates photorepair) might have influenced the relationships between inhibition and UV dose. This supports the suggestion that photorepair occurred in bacterioplankton incubated deeper in the water column, since photorepair is stimulated under long wavelength irradiance (Kaiser & Herndl 1997 ). The higher attenuation at the short wavelengths are selectively removing the damaging UVB at increasing depths whilst leaving the longer wavelengths which are involved in the repair processes. In Huot et al. (2000) , photorepair appeared to be important: the calculation of damage at different depths matched the measured values the best when repair (excision repair and photoreactivation repair) was taken into account. The question why photorepair is probably more active with respect to leucine incorporation than thymidine incorporation and DNA damage we cannot answer with our data.
From the results of this and our former study (Visser et al. 1999 ), it appears that light induced inhibition of the bacterial production might be partly caused by UVBR-induced DNA damage, but also by other factors like damage to enzymes or other cell compounds. As reviewed by Tyrell (1991) , UVAR can induce oxidative stress (via generation of active oxygen intermediates) and thereby causes various types of cell damage. Alterations of membranes can be caused by peroxidation of membrane lipids. UVAR-induced DNA damage consists mainly of strand breaks and DNA-protein cross links (Newcomb & Loeb 1998) . It is likely that most enzymes which contain aromatic amino acids will be sensitive to some extent to UVAR, due to absorption in this wavelength region. Inactivations of enzymes, e.g. inhibition of transport of nutrients or amino acids, can be a consequence of UVAR exposure (Fernandez & Pizarro 1996 , Lindell & Edling 1996 . To obtain more insight into all these different UV-induced processes, it is clear that more research is needed.
